Nanoscale fabrication techniques with a high throughput are needed for the low-cost fabrication of devices of the next generation. One such technique is ultraviolet (UV) nanoimprint lithography (UVNIL) (Haisma et al., 1996) , which uses a mold with nanopatterns in conjunction with a UV-curable resin. The process of UVNIL is simple: first, the UV-curable resin is dropped onto a mold and pressed against a transfer substrate. Secondly, the resin is cured by exposure to UV light. Consequently, either the mold or the substrate must be transparent. The mold is then released from the substrate, leaving a duplicate of the nanopattern on the transfer substrate. By means of these simple steps, UVNIL can be used to fabricate nanoscale patterns.
designed shape. Therefore, no existing method is capable fabricating a seamless roll mold with a sub-100 nm resolution and intricate designs.
We have developed a method for fabricating nanopatterned roll molds by electron-beam lithography (EBL) with a single point beam that permits the production of a seamless roll mold with high resolution (Taniguchi and Aratani, 2009) ; similar methods have also been investigated by other researchers (Tseng et al., 2010) . In particular, a stencil mask has been used to achieve a high fabrication speed (Abe et al., 2011) , but this gave a fabricated pattern with the size of the order of a few hundreds of nanometers with a roll substrate, because the stencil mask caused considerable blurring of the electron beam. We also produced a pattern with a width over 100 nm in a previous study (Saito and Taniguchi, 2014) . In contrast, electron optics systems with a single point beam have the potential to fabricate sub-10 nm pattern on a planar substrate (Yamazaki and Namatsu, 2004) . We therefore needed to determine the key factors in obtaining sub-100 nm patterns with a roll substrate by using the single point electron beam.
In this study, we investigated the fabrication characteristics of a line-and-space pattern and a dot pattern by EBL with a single point beam to obtain a finer roll mold. A typical electron-beam resist and an aluminum roll substrate were used, and we performed the EBL process while the roll substrate was rotated in a vacuum. As a result, we succeed in fabricating both a line-and-space pattern and a dot pattern with sub-100 nm resolutions on a roll mold. Figure 1 shows the process for direct writing with an EB on a rotating roll mold. We used a cylindrical aluminum substrate of diameter 27.9 mm or 30.0 mm. ZEP520A (Zeon Corp., Tokyo) was used as electron-beam resist; this was developed by using ZED-N50 (pentyl acetate). First, ZEP520A was diluted to 50% with ZEP-A (methoxybenzene) to decrease its viscosity. The roll substrate was then inserted into the diluted ZEP520A resist at a speed of 3 mm/s, kept in the solution for 5 s, and then pulled out at a speed of 0.2 mm/s. The sample was subsequently baked in air at 180 C for 20 min to give a ZEP layer about 120 nm thick. The sample was then mounted in a scanning electron microscope (ERA-8800FE; Elionix Inc., Tokyo), customized to permit direct EB writing. In this EB writing system, the beam can be switched into an on or off state by means of a blanking signal (chopping signal) as the roll mold is rotated, resulting in the fabrication of a dot pattern. The chopping signal and the deflection signal are generated by using a personal computer. The size of each dot was controlled by changing the number of chopping signals input over one lap of the roll. In this study, the number of the chopping signals was varied from 520,000 to 2,080,000 per rotation. (The minimum length of a dot was therefore 27.9 mm × π/2,080,000 = 42.1 nm.) To obtain the same EB dose with a different number of signals, we adjusted the EB blanking signal frequency and rotation speed. The space width between the dot arrays was set to 2.0 μm, and the gap width was controlled by varying the off time of the EB.
Experimental setup
Ojima, Saito, Unno and Taniguchi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) After EB writing, the roll substrate was developed with ZED-N50 and rinsed with 2-propanol (IPA). Because ZEP520A is a positive-type EB resist, the EB-exposed area was removed after development. We also exposed a line-and-space pattern by adopting a similar approach. In the latter case, the EB dose was controlled by changing the speed of rotation while the EB was on. The EB dose can be calculated by using the following expression: EB dose = (EB current × unit drawing time) / (beam diameter × unit drawing length)
(1).
The EB parameters were as follows: acceleration voltage, 10 or 30 kV; EB dose 426-1371 μC/cm 2 , dot design size, 168.4, 84.2, or 42.1 nm; EB current, 200, 100, 60, or 20 pA. The beam diameter was approximately 10 nm. The vacuum pressure during EB writing was less than 5.0 × 10 -4 Pa.
Results and discussion
3.1 Fabrication of dot patterns 3.1.1 Effects of the electron-beam current on the drawing of nanodot patterns Figure 2 shows the relationship between the EB current and the diameter of the resulting nanodots, and Fig. 3 shows the patterns obtained at EB currents of 200, 100, 60, and 20 pA. The acceleration voltage for the EB was 10 kV. The error bars correspond to one standard deviation (1SD). It is clear that the diameter of the dots decreased with decreasing EB current. This is because large currents tended produce large coulomb forces, resulting in greater blurring. On the other hand, the error bars for the EB current of 20 pA were larger than those observed at higher currents. This is probably because the slower speed required produce more vibrations in the rotating motor gears. In this study, the EB current was set to 20 pA in subsequent experiments; lower currents could not be used to fabricate patterns because of the restriction imposed by the minimum rotation speed (0.1 rpm). For a current of less than 20 pA, the rotation speed would have to be slower than 0.1 rpm to provide a sufficient EB dose for the fabrication of the nanopattern; this would require the use of speed-reduction equipment designed for low vibration. Fig. 2 The relationship between the EB current and the diameter of the resulting nanodots Vol.10, No.5 (2016) Figure 4 is a plot of the relationship between the designed value of the dot size and the actual diameter of the resulting nanodots, and Fig. 5 shows the dot patterns obtained for each designed value. The acceleration voltage of the EB was 10 kV. The error bar corresponds to 1SD. The diameter of the dot pattern produced tended to decrease as the design value decreased. However, it was difficult to fabricate dots with the same diameter as the designed value because of a proximity effect (Unno, and Taniguchi, 2008) . As a result, the design value was set to 42.1 nm (the minimum value for the system) in subsequent experiments. The use of a signal generator with higher blanking speeds might permit the fabrication of finer patterns. Fig. 4 Relationship between the design value of a dot and the diameter of the resulting nanodots Figure 6 shows the relationship between the EB dose and the diameter of the nanodots produced with a 10 kV EB. The diameter of the fabricated dot pattern decreased with decreasing EB dose. In the case of EB doses of 806 and 685 μC/cm 2 , however, the dot pattern did not appear across the entire circumference of the roll substrate because the EB dose was too low. Fig. 6 Relationship between the EB dose and the diameter of the resulting nanodots Ojima, Saito, Unno and Taniguchi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) Figure 7 shows an SEM image of the dot pattern at 914 μC/cm 2 . The design value for the gap width was 631.5 nm. It became clear that the variation in the gap width in the radial direction of our EB writing system with a rotating stage was about 50 nm. This was probably caused by a combination of errors resulting from variations in the blanking signal or in the rotation speed. Since the initial thickness of the ZEP layer was about 120 nm and the diameter of the obtained dot pattern was less than 100 nm, it was difficult to measure the depth of the dot pattern by using a confocal laser microscope. Moreover, it was also difficult to measure the height of the roll substrate by using an AFM in this study. The aspect ratio of the obtained pattern will be investigated in the future. We measured the diameter of the resulting dots at 30° intervals; Figs. 8(a) and 8(b) show the distribution of the diameters of the dot patterns. By optimizing the EB dose, we succeeded in fabricating a dot pattern with a diameter of approximately 93 nm with a standard deviation of less than ±10 nm. Figure 9 shows the characteristics of the gap width between dot patterns obtained by using the optimized EB dose of 914 μC/cm 2 . In this case, we changed the gap width from 463.1 nm to 126.3 nm by varying the EB off time. As shown in Fig. 9 , the dot patterns merged at a gap width of 126.3 nm, because the variation in the gap width in the radial direction was about 50 nm, as noted above. Therefore, the minimum gap width attainable by the technique used in this study is 210.5 nm. Fig. 8 (a) The measurement points for dot diameters at 30° intervals and (b) the result at 914 μC/cm 2 Ojima, Saito, Unno and Taniguchi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) 
Effects of the design value of the dot size on the nanodot pattern

Effect of the electron-beam dose per dot on the drawing of nanodot patterns
Fabrication of the finest nanodot patterns
Next, we changed the acceleration voltage to 30 kV and we examined the minimum diameter of the dot pattern. We increased the acceleration voltage to 30 kV because the beam diameter at 30 kV was less than that at 10 kV. The optimized EB current and dose were 20 pA and 1371 μC/cm 2 , respectively. The diameter of the finest dot pattern obtained was 64 nm, as shown in Fig. 10 . However, this dot pattern did not appear across the entire circumference of the roll substrate, probably because inaccuracies in centering of the rotation stage or the roll caused the EB to become defocused. This demonstrated that an additional autofocus system would be required to obtain finer patterns on a roll mold. 
Fabrication of line-and-space patterns
Finally, we fabricated a fine line-and-space pattern. In this case, we used a cylindrical aluminum substrate of diameter 30 mm, an acceleration voltage of 30 kV, an EB current of 10 pA, a dose of 120 μC/cm 2 , and a rotation speed of 1.2 rpm. The diameter of the EB was about 45 nm. Fig. 11 shows the resulting fine line-and-space pattern, which had a line width of 60 nm. We succeeded in fabricating the 60 nm line-and-space pattern across the entire circumference of the roll mold. In this study, it was difficult to measure the heights of the developed patterns because no atomic-force microscope was available for use with a roll substrate, and the resolution of a laser confocal microscope was insufficient.
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Conclusions
We investigated the characteristics of the fabrication of dot patterns and a line-and-space pattern on roll-shaped substrates by using a single point EB. A typical EB resist was coated onto an aluminum roll and used in a similar manner to the normal EBL process on a planar substrate. As a result, we produced dot patterns with a diameter of less than 70 nm and line-and-space patterns with a width of less than 70 nm. To fabricate finer patterns across the whole circumference of the roll substrate, additional techniques such as autofocusing will be necessary.
